ABSTRACT In this paper, we propose a new multi-antennas hierarchical cognitive radio, in which a primary system (PS) not only shares the spectrum resources with a secondary system (SS), but also harvests energy from the SS, achieving a new simultaneous wireless information and power transfer paradigm. Specifically, the secondary transmitter (ST) can help relay PS's signals via an amplify-and-forward protocol, and a power splitting energy harvesting device is additionally adopted at the primary receiver (PR). A cooperative strategy is proposed for maximizing the achievable rate of the SS while ensuring PS's achievable rate and PR's harvested energy, by jointly optimizing a precoder at the primary transmitter, two precoders at the ST (for the PS and SS, respectively), an equalizer at the secondary receiver, and a power splitting factor for the PR. Since the optimization problem is complicated and non-convex, we propose an alternating optimization approach to decompose the original problem into three subproblems, which can finally be formulated as semi-definite programming, difference of convex, and generalized eigenvalue problems. The closed-form solutions are, then, tractably derived. The numerical results are carried out to demonstrate the effectiveness of the proposed design.
I. INTRODUCTION
Hierarchical cognitive radio (HCR) network has been developed in the past decade to efficiently manage the scarce spectrum resources [1] . Resorting to the concept of the hierarchy, the HCR effectively manages the interference between the transceiver pairs of the primary system (PS) and the secondary system (SS) that are concurrently operated in the same spectrum, consequently increasing the spectrum efficiency if it is appropriately designed. HCR networks can generally operate in different structures such as interweave, underlay, and overlay structures. In interweave and underlay HCR networks, the PS does not know the existence of the SS and the SS is aware of channel usage of the PS via spectrum sensing. As such, the SS is allowed for utilizing the channel resource by ensuring its interference to the PS with an acceptable level. For the overlay structure, the PS knows the existence of the SS and possesses a higher priority to coexist/cooperate with the SS [2] . Consequently, the HCR technique has been applied for current wireless systems [3] and still becomes one of the promising paradigms for the next-generation cellular systems [4] .
Applying the HCR techniques in cooperative communications can not only extend the linking coverage but also improve the utilization of the spectrum resource, which is also referred to as overlay HCR [2] , [5] . In this structure, the SS can help the PS to relay its signals and in return to use the spectrum resource, achieving a win-win situation. In this regard, it is unnecessary for the SS to sense the free spectrum hole and even the transmit power is not restricted to a low level, compared with the conventional interweave and the underlay structures [2] . The design is especially attractive when the quality-of-service (QoS) of the PS cannot be satisfied [5] , [6] . In [5] , the SS deploys several amplifyand-forward (AF) relays and optimizes the power at the relays to boost the achievable rate of the SS under a limited interference power constraint to the primary receiver (PR). The common AF relays are adopted due to their lower complexity and latency compared with decode-and-forward (DF) relays [7] . Reference [6] studied a cooperative HCR structure where the secondary transmitter (ST) can help the primary transmitter (PT) to forward message to the PR via the AF protocol. The beamforming vectors at the ST are designed to improve link quality both at the PR and the secondary recevier (SR). In [8] , the two-way PS cooperating with the SS was studied, where the relay selection strategy, power splitting, and precoder are jointly optimized to maximize the achievable rate of the SS provided that the QoS of the PS is satisfied.
Recently, energy harvesting (EH) technologies have been developed in wireless communications to opportunistically scavenge free energy, including solar, wind, tides, and ambient radio frequency (RF) signals, etc. Among them, the EH with RF is attractive due to the capability of simultaneously wireless information and power transfer (SWIPT) [9] . Practically, the energy harvesting and the information decoding (ID) devices can be co-located to realize SWIPT by using time switching/power splitting circuits [9] . The EH devices can generally be applied in many communication systems such as single-user (SU) / multi-user (MU) multiple-input multiple-output (MIMO) systems [13] , [14] , cooperative systems [15] , and HCR networks [10] - [27] , etc. The corresponding transceiver designs of signal transmission and EH were further investigated in [11] - [27] .
When applied in cooperative HCR networks, the EH technologies have been recognized as promising ways to improve the spectrum utilization and to prolong the life time of rechargeable battery in energy consuming nodes [12] , [19] , [20] . In [12] , the PSs conducted communication with the help of an EH ST which acts as the relay node for the PS. In [19] , the multi-antenna ST harvested energy from the PT. Subsequently, the ST relayed the PS's signals and simultaneously transmitted its own signals to the SR with the harvested energy. In [20] , the EH device was also deployed at the ST which can relay the PS's signals to the PR, followed by a save-then-transmit protocol. A time-slotted transmission strategy was proposed to decide the optimum time period for cooperative relaying and EH. In [21] - [24] , the authors addressed the joint design of EH and underlay HCR structures, where the ST harvests free energy from the PT, and the SS does not interfere the PR too much (i.e., limited to a threshold). In [21] , the harvesting-transmission protocol was utilized for the SS, and the optimum harvested period is evaluated to reach the maximum transmission rate of the SS. The similar design concept was developed in the structure in which the multiple code-division multiple access (CDMA) based STs and an access point were in the SS [22] . The DF multihop SS was considered in an underlay HCR structure, and the outage performance of the SS was analyzed under the limitation of an equal EH period in each hop transmission [23] . The limitation of EH period was relaxed and the end-to-end performance was studied in [24] . The above mentioned structures [12] , [19] - [24] , all deployed the EH devices at the ST. Practically, the harvested energy is much smaller than the transmit power. 1 In this regard, the deployment of the EH at the ST is attractive for sensor networks that do not need much power to frequently transmit the information. An alternative design is to place the EH device at the receiver, where the harvested power is used for information decoded (ID). In [25] , the SRs received RF radiation to perform either the ID or the EH. As the ID and EH receivers of the SS were separately allocated, the ST adopted an artificial noise (AN)-aided precoding scheme to maximize the secrecy rate under the limited interference to the PR [26] . The above designs [25] and [26] studied the EH deployed at the SR. It is also interesting to address the SWIPT design when the EH is deployed at the PR, which creates a totally new cooperation strategy for conducting SWIPT. In [27] , the time switching EH was considered at the PR and a cooperation strategy was studied where the PS provided the spectrum resource to the SS and gained the RF energy in return. The beamforming technology was adopted and jointly optimized with a time switching factor to improve the efficiency of the harvested power and the SS's transmission rate. However, the performance was not satisfied especially when the channel between the PT and the PR was poor. It thus motivates us to develop a new cooperative SWIPT transmission strategy to overcome this dilemma.
Considering the overlay structure, we study a novel cooperative SWIPT transmission strategy to fill up with the shortcomings of the design proposed in [27] . In the proposed scenario, the ST can not only transmit its data to the SR but also act as a relay node to help the PS to conduct SWIPT, which is beneficial especially for poor PT-PR links.
Specifically, the ST uses the AF relaying protocol to help relay PS's data signals. The AF protocol is adopted due to the fact that (i) the ST may not be authorized to know the data signals of the PS and (ii) AF generally has properties of lower complexity and latency compared with DF. Owing to the cooperative relaying for the PS, the signal transmission of the PS is performed in two phases. In the first phase, the PT uses a precoder for transmitting its data signal to both the PR and the ST. In the second phase, the ST helps the PT relay PS's signal; meanwhile, the ST transmits its data signal to the SR. Moreover, the PR divides the received signal into EH and ID portions in accordance with a power splitting factor. We adopt two precoders at the ST, one for the PS and the other for the SS, to improve the efficiency of SWIPT transmission. Since the PS possesses a higher priority to access the channel, a zero-forcing (ZF) precoder is then utilized for the ST to prevent the interference of SS's data signal at the 1 The harvested energy at the EH device is generally much smaller than the transmit power. For example, the maximum harvested power at a free space distance of 40 meters is just 7µW and 1µW for 2.4GHz and 900MHz [28] . The higher harvested power of 3.5mW can be achieved if a shorter distance 0.6 meter is considered for RF radiation at 915MHz. VOLUME 7, 2019 PR, and the PR can optimally combine the received twophase signals through a maximum ratio combining (MRC) scheme. Finally, an equalizer is adopted at the SR to enhance the SS's transmission rate. Consequently, there is a need to jointly optimize the three precoders, equalizing vector, and power splitting factor in the development of the cooperation strategy such that the SS's information rate is maximized, and the information rate and the harvested energy of the PS are guaranteed. Due to the inclusion of relaying capability and three involved precoders, the formulated optimization problem cannot be easily solved in its original form. Accordingly, we propose alternating optimization (AO) to decompose the original problem into three subproblems in order to optimize the parameters separately. Each subproblem can be sophisticatedly solved to obtain closed-form solutions. Explicitly, the first subproblem optimizes the two precoders at the ST and the power splitting factor, which is first reformulated as semidefinite programming (SDP). The objective function, however, takes a non-convex fractional form. As a matter of fact, the Charnes-Cooper transformation [29] is employed to transfer the problem into a series of equivalent optimization problems which are finally solved by semidefinite relaxation (SDR). Interestingly, it is shown that the optimum solution is rank-one, which implies that the solution obtained from the reformulated problem is also the optimum solution for the original problem. Hence, the randomization algorithm is not required. The second subproblem designs the precoder at the PT and the corresponding problem can be formulated as a difference of convex (DC) optimization. We then propose a constrained concave convex procedure (CCCP) to search a local solution. The third subproblem solves the equalizer and the solution is derived by the generalized eigenvalue problem. The above mentioned three subproblems are iteratively conducted until they are converged. Finally, computer simulations are presented to evaluate the performance of the proposed cooperation strategy. It shows that the proposed cooperative SWIPT transmission strategy outperforms the design provided in [27] , especially when the channel quality of the PT-ST-PR link gets better.
Contributions: We proposed a novel SWIPT transmission for the overlay HCR networks, where the power splittingbased EH is deployed at the PR. In this structure, the PS shares the spectrum resource to the SS and the SS helps the PS to not only deliver the PS's signals but provide RF energy to the PR in return. The cooperative SWIPT is treated as a kind of hierarchical cooperation schemes, since the PS has the highest priority to maintain its performance in terms of both the harvested energy and the transmission rate. Moreover, since the ZF precoder is adopted at the ST, the SS does not interfere with the PR, which facilitates the detector at the PR. 2 Finally, the proposed cooperative SWIPT strategy for the considered system is conducted via iteratively 2 In contrast, if the minimum mean-squared error (MMSE) precoder is adopted, the PR has to know the influence of the interference from the ST, and the design becomes much more complicated which is beyond the scope of our paper.
solving the sub-problems. Particularly, the non-iterative optimum solution can be obtained when the PT and the SR are both equipped with a single antenna. The main contributions of the paper are listed as follows.
• A novel hierarchical cooperative SWIPT strategy is studied to boost the SS's transmission rate under the constraints of the limited power at the PT and ST, required transmission rate of the PS and the harvested energy at the PR. Particularly, the PS does not know the SR and simply treats the ST as a relay station. Unlike the works in [12] , [19] , and [20] , where the EH devices are deployed at the ST, the ST helps the PS relay its signals and conducts SWIPT for the PS simultaneously. The proposed scenario is attractive since the PS can not only improve the link quality but also prolong the lifetime of using battery.
• The proposed design is inherently a challengeable nonconvex optimization problem due to the coupling precoders and equalizers. To provide a tractable solution, we decompose the optimization into three subproblems. The closed-form solutions are derived for each subproblem, and an iterative procedure is proposed to determine the solutions until the subproblems are converged.
• When the PT and the SR are equipped with a single antenna, the joint optimization problem is degenerated into the first subproblem, where two precoders at the ST and a power splitting factor are jointly optimized. With the proposed precoding structure and the Carnes-Cooper transformation, the subproblem can be reformulated as an SDR approach. In this way, the obtained solution can be proven to be globally optimum.
• The second subproblem optimizes the precoder of the PT which is not a convex problem either. We then reformulate the subproblem as a DC form, and conduct the solution via the proposed CCCP.
A and tr(A), they denote the complex conjugate, transpose, conjugate transpose, the ith column, Frobenius norm and trace of matrix A, respectively. A 0 and A 0 indicate that A is positive semi-definite and positive definite, respectively. 0 m×n stands for the zero matrix of size m × n , and I n denotes the identity matrix of size n (the subscript is omitted when the dimension is clear).
shows that x is complex circularlysymmetric Gaussian distributed vector with the mean vector m and the covariance matrix . E{•} denotes the expectation operator.
The remainder of this paper is organized as follows. In section II, we describe the system model of the overlay multi-antennas HCR network along with the proposed cooperative SWIPT strategy. Section III details the optimization for the proposed cooperation design. In Section IV, we evaluate the performance of the proposed design, and finally, draw the conclusion in Section V.
II. SYSTEM MODEL
We extend the EH-based HCR network provided in [27] to multi-antennas scenario, where we deploy multiple antennas at each node. Owing to the overlay scenario, the PS's signals are transmitted in two phases. In the first phase, the PT transmits its signals to the PR and ST, respectively. In the second phase, the ST helps relay PS's data signals to the PR with the AF protocol, and meanwhile, the ST conveys its own data signals to the SR. To achieve green communication for the PS, a power splitting EH device is deployed at the PR to prolong the usage of battery. Thus, the ST acts as not only a relay station but also a wireless power transfer (WPT) station for the PR, as shown in Fig. 1 . Herein, PT, ST, PR, SR are equipped with N PT , N ST , N PR , and N SR antennas, respectively. The PR is able to control the power splitting factor for performing SWIPT. The details of the proposed HCR system and the associated cooperative SWIPT strategy are presented in the sequel. In the first phase, the PT broadcasts its signal x p by a precoder w PT with power Q PT to both the PR and the ST. Without loss of generality, we assume E[|x p | 2 ] = 1 and consider flat fading for each channel link. The received signal at the PR is given by
where
, and w PT is the precoder at the PT that has to be further designed. Meanwhile, the received signal at the ST is given as
where H PT ,ST ∈ C N ST ×N PT is the PT-ST channel link and n ST ∼ CN 0, σ 2 n,ST I N ST is the noise vector at the ST. In the second phase, the ST forwards the received signal from the ST to the PR and sends the signal, x s , to SR at the same time. The transmitted signal at ST is thus expressed as
with an average power value of
where W P ∈ C N ST ×N ST is a precoder used to enhance the performance of EH and ID at PR, and w S ∈ C N ST ×1 is the dedicated precoder for SR. Here, we assume E[|x s
The received signals at SR and PR, denoted as y ST ,SR and y ST ,PR , respectively, are given by
and
With a power splitting EH device at the PR, the received signals are divided into two portions, namely one for ID and the other for EH. Herein, the noise vectors, n SR ∼ CN 0, σ 2 n,SR I N SR and n PR,2 ∼ CN 0, σ 2 n,PR I N PR , are the noise at the SR and PR, respectively. By defining a power splitting factor ρ and from (6), the signal for EH can be expressed as
and the harvested energy is given by
where the factor 2 is due to the two-phase transmissions, and η denotes the efficiency of energy transfer. In addition, the signal for ID is given as
where n RF ∼ CN (0, σ 2 RF I) is the noise during the RF-tobaseband conversion process [19] . From (1) and (9), the twophase received signals at PR are concatenated into a vector, shown in (10) at the top of the next page. Herein,
is the equivalent noise with a covariance matrix given by (12) , as shown at the top of the next page. For simplicity, a ZF VOLUME 7, 2019
precoder is employed for the precoder w S to avoid the interference at the PR. To facilitate the later derivation, a noise whitening process is performed on (10) using the matrix with the whitening matrix (13) , as shown at the top of this page, and the received signal after whitening is thus written as (14) , shown at the top of this page. Since the ZF precoder w S is adopted at the ST, the PR is free from the interference. Accordingly, the optimum detector is the MRC receiver [31] , and the combined signal can be given by (15) , as shown at the top of this page. The signal-tonoise ratio (SNR) after MRC can then be computed as (16) , shown at the top of this page. It is noted that the SNR is a function of both the power splitting factor ρ, and the precoders w PT and W P . The achievable rate of the PS, denoted as R p , is then obtained as
For the SR, we adopt an equalizing vector, g SR , to recover the signal x S . The received signal after equalization, denoted as r SR , is read as (18) , shown at the top of the next page, where the second and third terms present the interference and the noise components. From (18) , the achievable rate of SS is computed as (19) , shown at the top of the next page.
III. PROPOSED COOPERATIVE SWIPT DESIGN A. PROBLEM FORMULATION
In this section, we jointly design the power splitting factor ρ, the precoders, w PT , W P , w S , and g SR for maximizing the achievable rate of SS, while ensuring the QoS requirement of the higher priority PS. That is, the information rate and harvested energy at the PR must exceed preset threshold values of γ PS and PS , respectively. The optimization problem is thus formulated as follows:
Herein, (20e) is the ZF constraint indicating that the ST does not interfere with the PR. Constraints (20f) and (20g) represent the power constraints at the ST and PT, respectively. Q ST and Q PT are maximum available power at the ST and PT accordingly. Substituting (8), (17) and (19) into (20), shown at the top of the next page, the optimization problem can be reformulated as (21) .
B. PROPOSED SOLUTIONS
Apparently, the optimization problem (21) is not jointly convex in (ρ, w PT , w S , W P , g SR ). Thus, it is difficult to find the optimal solution. We then propose an AO approach to search a suboptimal solution. The basic concept is to decompose the original problem into three tractable subproblems where the first problem optimizes (ρ, w S , W P ) with given w PT and g SR , the second subproblem solves w PT and treats the other parameters as constant, and the third subproblem only optimizes g SR . It is noteworthy that the solution obtained by AO here is inherently a suboptimum solution. The detailed process is given as follows. (21) is then formulated as (22) , shown at the top of the next page. The formulation (22) can sophisticatedly be solved to obtain closed-form solutions. Specifically, we first propose a precoding structure of W P to simplify the optimization, where optimizing W P is equivalent to optimizing a scalar, and consequently optimization is transferred into a linear programming problem by the Charnes-Cooper transformation. The proposed simplification is detailed as follows.
Invoking the singular value decomposition (SVD), we have
where 
is able to maximize the achievable rate (12) (24) into (22) and denoting λ p = σ 2 p,1 , the optimization problem (22) can be restated as (25) , shown at the top of the next page. This transformation enables us to transfer the complicated matrix optimization of W P to a scalar optimization of λ p . Next, by defining Q S = w S w H S , (25) can be expressed as an SDP problem, as shown in (26) , shown at the top of page 8. Even though the objective function now becomes a linear fractional form of the designed parameters, the transferred optimization problem can not be easily solved in its current form. Resorting to the Charnes-Cooper transformation [29] , we can equivalently transfer the linear fractional programming into a linear programming problem. Accordingly, by setting uQ S = D S and uλ p = g p , the problem in (26) can be transformed to the optimization problem (27) , as shown at the top of page 8. Notably, λ p is replaced by g p and the additional variable u is involved in the optimization. It is noted that (27) is not jointly convex in (u, ρ, g p , D S ), whereas it is a standard SDP problem if ρ is fixed and rank relaxation is adopted for D S . Then, the parameter ρ can be solved numerically via a one-dimensional search [30] . Therefore, for a given ρ, the problem (27) can be reformulated as an SDR problem and efficiently solved using the interior-point method [32] . In general, the SDR approach does not guarantee the rank-one solution. Fortunately, the SDR approach is indeed optimum which is rigorously proved in Appendix B.
Taking a close look at (21) , only the denominator of the objective function is related to w PT . However, the constraint (21b) is not convex function. In the sequel, we will transfer the problem into a convex problem. Define 
and W PT = w PT w H PT . We can formulate the optimization (21) as (28) , shown at the top of next page, which is a standard linear matrix inequality optimization except the last constraint (28f). The following lemma provide a way to transfer (28f) into an SDP formulation.
Lemma 1: Given matrices A ∈ C M ×N , B ∈ C M ×M , and X ∈ C N ×N . If B 0, then the following (29) and (30) are equivalent.
Proof: The result is followed by the Schur complement directly [30] .
As a consequence, we can rewritten the problem by applying lemma 1 to (28f), given by min 
min
In the problem (31), the constraints (28b)-(28e), and (31b) are convex form, but (31c) is DC form. Accordingly, the problem (31) becomes a DC programming, which can iteratively be solved by the constrained concave convex procedure to find a local solution. To proceed, assume that w
PT is a feasible point in (31) at the nth iteration. We can have tr
PT by the first-order Taylor expansions. Substituting the approximation into (31c) leads to a conservative constraint. Consequently, the the problem (31) is restated as
The problem (32) is a convex optimization problem which can be solved with CVX tools [30] . Finally, the optimum solution w PT is obtained when the conducted w (n)
PT is converged.
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The proposed CCCP based iterative algorithm to solve DC problem (31) is summarized in Table 1 . 
Since (ρ, w S , W P , w PT ) are fixed, the constraints in (21b)-(21g) are not functions of g SR , which leads the subproblem of (21) to be a unconstrained optimization problem. Define
The subproblem is then formulated
The problem (35) is a generalized eigenvalue problem. The optimum solution of g SR is then obtained as [34] 
is the eigen-decomposition of M T , and U M T (:, 1) is the eigenvector corresponding to the largest eigenvalue.
4) FEASIBILITY PROBLEM
Since the original optimization is iteratively conducted by several subproblems, we discuss the feasibility problem in each subproblem. An inspection of (21) shows that the optimization problem may be infeasible if the channel links are poor. A feasibility condition is provided in the following proposition.
Proposition 2: The problem in (22) Subproblems (27) , (32) , and (35) are iteratively solved until they are converged. Numerical results show that the required number of iterations is limited to 6.
5) COMPUTATIONAL COMPLEXITY
The original optimization problem is solved by conducting the proposed three subproblems (27) , (32) , and (35) iteratively. The complexity to solve the subproblem (27) is dominated by an SDP procedure which is with the worst-case complexity O n ρ,ite N
9/2
ST log(1/ ) , where is the accuracy target and n ρ,ite is the number of iterations for solving ρ with the bisection method. Similarly, the subproblem (32) is essentially an SDP with the worst-case complexity O n 2,ite N 9/2 PT log(1/ ) . Herein, n 2,ite is the number of iterations for conducting the proposed CCCP. Finally, the solution of the subproblem (35) is essentially a closed-form solution. The complexity is mainly from the computation of (33), (34) , and (36), which costs O N SR N 2 ST + N 3 SR . Therefore, the overall complexity from the proposed algorithm can be given by O n ite n ρ,ite N 9/2
SR , where n ite is denoted as the number of iterations for solving the subproblems (27) , (32) , and (35).
IV. SIMULATION RESULTS
In this section, we provide several simulations to demonstrate the effectiveness of the proposed design. Expected as otherwise stated in the following simulations, the channel links are assumed to be Rayleigh flat fading and 1, 1, 1) . The power values of the noise components are identical and assumed to be σ 2 n,ST = σ 2 n,SR = σ 2 n,PR = 0.1. The numbers of antennas are set as N PT = N SR = 2, N ST = 4, and N PR = 3.
, and
The simulations are commenced by evaluating the performance of the information and energy cooperation strategy devised in [27] (marked as time switching) and the proposed method (marked as power splitting) with different values of the energy transfer efficiency. Since [27] only considered a single antenna at the PT and SR and multiple antennas at the ST and PR, we set N PT = N SR = 1 and N ST = 4 and N PR = 3 in this simulation. For both schemes, the system parameters are set as Q PT = 30 dBm, γ PS = 1 bps/Hz and PS = 1. Figure 2 shows the SS's information rate for various ST transmission power values where the SS's information rate increases with an increasing value of Q ST in both strategies. This result is reasonable since the QoS requirement of the PS is easily satisfied, given a higher ST transmission power value, and hence, more power resource can be allocated to the SS. For the same reason, the SS's information rate also increases as the energy-transfer efficiency is increased for any fixed ST transmission power value. It is noted that the strategy in [27] outperforms the proposed strategy in the low transmission power region of Q ST , whereas the reverse is true in the high transmission power region. This result arises since (i) the AF protocol is essentially non-beneficial in the low transmission power region, yielding poor SNR values in the considered system; (ii) in [27] , the PT can adaptively adjust the time switching factor governing the periods for ID and EH, respectively, whereas the time periods for which the relay receives or transmits the signals are fixed in the considered systems. On the other hand, in high transmission power region, where the ST has sufficient power to meet the QoS requirements, the ST in our proposed strategy can use two different precoders with different directions and power values, leading to a better performance. The ST in [27] , however, can only use a beamformer to maintain the EH QoS at the PR and to enhance the SS's information rate. It is seen that the channel qualities of (1, 1, 1, 2) and (1, 1, 1, 0.5) yield the best and worst performance, respectively. This is due to the fact that the two cases differ only in the variance of the ST-SR link, and the SS's information rate is improved with an increasing ST-SR channel quality, and vice versa. Also, it is seen that in the low-to-medium ST transmission power region, the proposed strategy achieves the best performance given the channel qualities of (1, 1, 2, 1) . The reason follows from the fact that a larger value of Q ST can dramatically improve the SNR at the PR and facilitate the QoS satisfaction in the low SNR region.
In the third set of simulations, we evaluate the performance of the proposed design with different numbers of antennas at the ST. Here, we consider N PT = 4, N PR = 3, N SR = 2, N ST = 4, 6, 8, 10, and Q PT = 30 dBm. As we can see in Fig. 4 , the performance of more antennas is superior to that of fewer antennas. The result is reasonable since the W P with higher degrees of freedom is able to effectively concentrate the beam to meet the QoS of the PS, and consequently PT can leave more power for w S to convey the SS's signals, thereby increasing the transmission rate of the SS. Similarly, we then investigate the proposed design with different numbers of antennas at the PR. In Fig. 5 , we set N PT = 4, N ST = 8, N SR = 2, and N PR = (2, 3, 4, 5). Other parameters are set the same as those in Fig. 4 . In contrast to the result in Fig. 4 , the transmission rate of the SS is inversely proportional to the numbers of antennas at the PR. The reason directly follows that the degrees of freedom of w S are decreased with increased N PR by the ZF constraint of (21d). Accordingly, the beamforming gain is decreased, and so does the transmission rate of the SS.
In the last simulations, we study the probability of the converged number of iterations for the proposed design. An iteration is defined by optimizing over the three subproblems sequentially. Herein, we set Q PT = 30 dBm, Q ST = 20 dB, and (γ PS , PS ) = (1, 1). The tolerance threshold for the proposed iterative process is set to 10 −6 . As we can see in Fig. 6 , most cases can converge with only one iteration, and the required number of iterations for convergence is no more than 6.
V. CONCLUSIONS
In this paper, a cooperative SWIPT strategy is proposed for an EH-based multi-antennas HCR network. The basic premise of the proposed strategy is that the SS helps the PS to conduct SWIPT, while the PS offers an opportunity to access the spectrum to the SS in return. Owing to the overlay protocol, the SS is not required to sense the spectrum holes and admitted to share the spectrum with a lower priority. The proposed cooperative SWIPT is conducted by optimizing the precoder of the PS, the equalizing vector at the SR, the two precoders at the ST and the power splitting factor at the PR. The corresponding problem is not convex optimization. We propose an AO approach to obtain a tractable solution, where the original problem is conducted by three subproblems. The first subproblem solves the precoders at the ST and the power splitting factor, and the problem is formulated as SDR finally. The precoder at the PT is derived in the second subproblem with the proposed CCCP algorithm. The equalizer of the SR is easily solved by means of the generalized eigenvalue problem. The numerical results show that the proposed cooperative SWIPT strategy outperforms the existing method, especially for a better PT-ST-PR link. However, the proposed design relies on perfect CSI and the imperfect CSI results in a higher infeasible probability (i.e., the constraints can not be satisfied with a higher probability) due to the mismatch between the real and estimated CSIs. To achieve the required QoS and harvested energy, the robust design with imperfect CSI is crucial but challengeable, which can be a research topic in the future.
APPENDIX A PROPOSITION I: DERIVATION OF PRECODING STRUCTURE OF W P
We first compute the maximum achievable harvested energy in terms of W P and subsequently, find a precoding structure for W P to reach the maximum harvested energy. By SVD of W P , we have
corresponding to the left-singular eigenvectors, right-singular eigenvectors and singular value matrix, respectively. For any given P = Diag{σ p,1 , · · · , σ p,N ST }, the harvested energy at the PR in (8) can be rewritten as 1 2
The upper bound (40) follows the Fact 5.11.4 of [33, p. 201] , and it is a function of λ i (M), the ith eigenvalue of M, which can be adjusted by W P . We then aim at finding the optimum precoding structure such that the upper bound is maximized and achievable. For any given P and w S in (22e), the transmission power at the SB is limited by
Without loss of generality, it is assumed that λ i (M) and λ i (H H ST ,PR H ST ,PR ) are arranged in a descending order. Thus, the upper bound in (40) is a Schur-convex function of λ i (M), ∀i. The maximum value can be achieved by allocating all the power to λ 1 (M) and setting the rest of the eigenvalues to zero, i.e., λ 2 (M) = · · · = λ N ST (M) = 0 or equivalently, W P = σ p,1 U P (:, 1)V H P (:, 1). With the rank-one precoding structure W P , the R.H.S. of (40) is then rewritten as
where the inequality follows from the relationship σ 1 (H 
where h 1 , g 1 , g 2 , g 3 are respectively defined as (45)-(48), shown at the top of the next page. The corresponding Lagrangian function is then written as
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If the optimum dual variables λ 2 and λ 3 , denoted as λ * 2 and λ * 3 , respectively, are λ * 2 = λ * 3 = 0, then µ 1 = λ 1 = 0 by (51) and (52), where the resultant dual solution cannot achieve the solution of the primal problem (44). Therefore, λ * 2 and λ * 3 cannot be zero simultaneously, and is a fullrank matrix consequently. Since A 1 is a rank-one matrix, the rank of 5 is either N ST or N ST − 1. If the rank of 5 is N ST , we have D S = 0 which may violate the constraint g 2 in (44) or does not reach to the optimum value of the primal problem. Therefore, the rank of 5 must be N ST − 1. Eq. (56) holds only when D S lies in the null space of 5 whose dimension is one. Hence, the optimum D S is rank-one.
APPENDIX C PROOF OF PROPOSITION II
The feasibility condition of problem (22) can be determined by finding the optimum W P with w S = 0 such that R P or P EH are maximized. Applying SVD, H ST ,PR is decomposed as
where U ST ,PR ∈ C N PR ×N PR , V ST ,PR ∈ C N ST ×N ST and ST ,PR ∈ R N PR ×N ST , corresponding to the left-singular eigenvectors, right-singular eigenvectors and singular value matrix, respectively. W P = U P P V H P is defined in (38). For a specific value of P , R P is upper bounded by (58), as shown at the top of the next page, where σ p,1 is the maximum singular value of the matrix W P . The equality in (58) holds as
whereh PT ,ST = h PT ,ST / h PT ,ST . From (20f), the following inequality is obtained:
Taking the maximum value of σ p,1 , (58) can be rewritten as Similarly, the inequality for the harvested energy is given by The maximum harvested energy is obtained when W P takes a form of (59) and σ p,1 achieves the upper bound in (60). 
From (62), to satisfy the EH constraint, the power splitting factor ρ is limited to
Moreover, the minimum ρ must be greater than zero, yielding 
From (61), as shown at the top of this page, it is observed that the maximum R P is monotonically increasing in ρ. By applying (63) into (61), the maximum achievable R P is obtained as as (65), shown at the top of this page. Therefore, the problem is feasible if the channel qualities of h PT ,PR , h PT ,ST and σ 2 ST ,PR,1 satisfy (37).
